Several analytical methods of the soil-tool interaction have been developed and tested, but they are time consuming and require large effort, which has prevented their widespread use. This paper presents the development of a three dimensional (3-D) discrete element method (DEM) model for the simulation of soil-sweep interaction. The aim was to understand the effects of the sweep rake angle (β) and speed on draught and soil loosening. It implements computer aided design (CAD) systems to simulate the sweep geometry. The DEM model output was validated by comparing simulated and corresponding actual soil bin measurements using a cohesive wet sandy soil. Cohesion of the wet sandy soil was assigned using a parallel bond contact model, where the normal and shear stiffness of the bond, the normal and shear strength, and the size of the connecting geometry were the main parameters. Following the comparison between the simulated and measured draught based on input parameters measured with a direct shear box test, virtual DEM triaxial compression analyses were performed to refine the DEM model parameters including cohesion, internal friction angle, modulus of elasticity and Poisson's ratio, using the Mohr-Coulomb failure criterion. 
Introduction
Soil is one of the natural resources characterized as highly variable in structure and functioning.
It is also very dynamic, so that soil is subjected to regeneration or degradation (Várallyay, 2010) . This renewable capability of the soil can be maintained by continuous but careful mechanical treatment aligned with the local prevailing circumstances, e.g. land use history, weather, farmer practices, etc. Therefore, the primary task of tillage is to maintain favourable soil quality and fertility and to prevent the impact of climate changes. Several authors (Birkás, 2009; Huisz et al., 2007; Macák et al., 2010) confirm that unreasonable mechanical disturbance 3 of soils leads to losing soil organic matter, which results in deterioration of the soil bearing capacity and workability. This imposes a bigger risk for soil degradation.
Due to the high commodity price and the need to preserve and improve soil structure, there is raising demands for conservation tillage tools and practices such as mulch cultivators (Tamás and Jóri, 2007) . Therefore, Hungarian field experts are inclined to use the mulch tillage instead of conventional tillage methods based on soil inversion. The 3E (Energy, Erosion, Emission reducing) conservation tillage was developed in Hungary to utilize all advantages of environmentally friendly tillage systems, e.g. energy saving, reducing greenhouse gas emission and erosion control. The mulch cultivator is the basic tillage machine to achieve a good quality of soil structure (Rádics and Jóri, 2010) . Optimisation of the cultivator tool geometry is highly important particularly towards a good soil loosing quality and mixing. However, this can only be achieved by understanding the relationship between the tool geometry and the resulted soil loosening. Furthermore, optimizing a cultivator design should also aim at reducing draught and energy consumption.
So far, the evaluation of soil loosing and mixing processes with mulch cultivators was only experimentally possible either in situ or indoor in soil bin facilities. In situ measurements are very time consuming and expensive and can only be realized after a prototype of the examined tool has been produced. The uncontrolled spatial variability in the field adds another dimension to the complexity for this method. Analytical methods for studying the soil-tool interaction can only be used to predict tool forces. Two-and three-dimensional soil-tool interaction models based on Terzaghi's passive earth pressure theory (Terzaghi, 1943) were developed and tested.
These models are based on the assumptions that soils are homogeneous, isotropic and ideal plastic (Mouazen and Neményi, 1998) . No reports on the use of these methods to simulate soil loosening and mixing can be found in the literature. 4 Numerical methods (Mouazen and Neményi, 1999) , including the finite element method (FEM) and discrete element method (DEM) were also used to simulate the interaction between soil and tillage tools (Asaf et al., 2007) . These methods were reported to be not only capable to calculate tool forces, but to simulate soil loosening (Kerényi, 1996; Mouazen and Neményi, 1999 ; Kushwaha and Shen, 1995) . Although, the dynamic effect of soil-tool interaction could be accounted for by FEM (Xie and Zhang, 1985) , it is considered unsuitable tool to simulate crack propagation and soil mixing due to the continuum material assumed. In DEM simulation, both mixing and crack propagation can be simulated. The DEM method was established by Cundall and Strack (1979) who established the foundations of molecular dynamics. They assumed that soil break into discrete, detached components during cutting and rupturing makes DEM a successful tool for the analyses of soil deformation and breakage. A few researchers have already discussed the general concept of DEM while describing the soil-tool interaction (Asaf et al., 2007) . So far, it was reported that the DEM is a useful tool for the study of unsaturated soils (Wulfsohn et al., 1994; van der Linde, 2007) . It is well-known that there are cohesive forces exist between soil particles, which are attributed to liquid bridges and living organisms, with very complex behaviours (Cundall and Hart, 1992) . Although these forces have to be accounted for in the DEM simulations, no reports about this point can be found in the literature of soil-tool interaction. As far as we know, none of the previous investigations has attempted to simulate exact cultivator tool geometry as imported from a CAD system. Furthermore, previous DEM models have not emphasized the synthesis of direct shear box and virtual triaxial tests on refining the input parameters for accurate DEM simulation.
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The aim of this paper was to establish a DEM model for the interaction between soil and a sweep for unsaturated wet sandy soil with cohesive component using PFC3D software (ITASCA TM , The USA). Accurate sweep design was ensured by a CAD system. An iteration process based on direct shear box experiment and triaxial DEM simulation was considered to refine the model parameters to improve accuracy of model prediction of sweep draught at different tool working speeds and rake angles (β).
Materials and Methods

Discrete element model for simulation of soil-sweep interaction
A 3D DEM model for the simulation of the interaction between soil and a sweep was developed ( respectively. The soil was simulated with 30000 spherical elements. The element-to-element and element-to-wall friction coefficient (μ) was 0.6 (Table 1) . Further settings included the porosity (n = 0.42), damping (α = 0.5) and the normal and shear components of the soil elements (Kn = 2e6 N m -1 , Ks = 1e6 N m -1 ).
In the first stage of the simulation speed ranges of 0.8, 1.1, 1.5, 2.1, 2.8, 3.2 -1 were considered.
Validation of DEM calculated draught for a β of 30° was done at four selected speed of 0.5, 1, 1.5 and 2.4 m s -1 , which were also adopted in the soil bin test described below. In order to study the effect of speed on draught and porosity in the DEM simulation, four speeds of large intervals of 1, 2, 3 and 4 m s -1 were selected. This simulation was done for the three selected sweep β of 15, 30 and 45°. The time of analysis for one run was 32 hours with a modern PC computer.
To evaluate the quality of soil loosening, changes in porosity (n) after tillage for an initial porosity of 0.42 was considered, which was calculated as follows (Itasca, 1999) :
Where (D) is density, which is defined as the ratio of the volume of space occupied by solid matter (V s ) in m -3 , to the total volume (V) in m -3 . The total volume comprised both the solid and void volumes.
Parallel bonds in the discrete element model
Unsaturated soils are subjected to capillary effects with liquid bridges among soil particles, which significantly influence the cohesion component (Zhang et al., 2003) . The magnitude of the capillary forces depends on the degree of saturation of the soil. The theory of capillary forces allows the investigation of soil cohesion and internal tensions (Fig. 2) . Since a wet sandy 7 soil is used in this study, cohesion component existed, which has to be accounted for during the DEM simulation. Therefore, a parallel bond model was set in the DEM model. The soil body consisted of discrete particles of different sizes. The cohesion assigned to the parallel connection of the elements allowed for the generation of clods during tillage. The parallel bond relationship model connects soil particles using geometrical cross sections lying on the contact plane and centred at the contact point (Mak et al., 2012) , so a relative motion at the contact area can cause a force and a moment to develop within the parallel bond (Bojtár and Bagi, 1989) :
where, i is the resultant force in N, is the normal force in N, is the shear force in N, i is the resultant moment in Nm, is the moment normal component in Nm, is the moment shear component in Nm.
Particles can only connect with other particles, not with wall elements. A parallel bond can be illustrated as a set of elastic springs with constant normal and shear stiffness, uniformly distributed over a circular or rectangular cross section on the contact plane and centred at the contact point (Fig. 3) . These springs act in parallel with the point-contact springs that are used to model particle stiffness at a point. Relative motion at the contact causes a force and a moment to develop within the bond material as a result of the parallel-bond stiffness. The damping force is controlled by the damping constant α, which can be specified separately for each particle. This form of damping has many advantages, e.g. accelerating motion is damped so that no erroneous damping forces arise from steady-state motion. The damping and the friction are frequency-dependent in the soil (Itasca, 1999 
Soil bin test
To validate the DEM simulation of draught variation, the soil bin facility (Fig. 4) Where: A is the sample area in mm 2 , c is the cohesion in MPa, and φ is the friction angle in
The measured c and φ obtained from the direct shear box test were 0.012056 MPa and 39°, respectively.
Simulation of triaxial compression test
Although it is relatively easy to assign the mechanical properties to a DEM model, it is often difficult to choose correct values so that the behaviour of the resulting synthetic material resembles that of an intended physical material (McKyes, 1985) . For codes such as PFC, the synthesize macro-scale material behaviour is adopted assuming that this is resulted from the interactions of micro-scale components. However, the input micro-scale components are usually unknown. Therefore, choosing the values of soil mechanical parameters of the DEM soil model used in the simulation of the soil-sweep interaction was a real challenge.
The measured soil mechanical properties e.g. cohesion and internal friction angle obtained from the direct shear box test were used as input data for a DEM triaxial compression test simulation. This was necessary in order to refine the input parameters used for the DEM soil-
sweep simulation, aiming at improving the simulation accuracy. Furthermore, the Young modulus of elasticity and Poisson's ratio need to be determined by a triaxial compression test.
The rectangular prism triaxial compression sample was 63.4 mm high, 31.7 mm deep and 31.7 mm wide (Fig. 5) . The maximum to minimum particle size ratio of spheres was selected as 1.3.
The bottom side of the prism was fixed, whereas the side walls were confined with constant pressures of 0.018, 0.05, 0.06, 0.07, 0.091 MPa to simulate the real situation of a triaxial compression test. Finally, the top side of the sample was loaded downwards by a constant speed of 0.05 m/s in a sequence of 10 stages over a total of 400 cycles (Itasca, 1999) . The axial stress increased until it reached a peak value, after which it showed a decrease. A strength envelope was obtained by subjecting the rectangular prism specimens to the selected confining pressures, which enabled the calculation of the internal friction angle and the cohesion. Peak shear stress versus normal stress obtained with the DEM simulations of the triaxial compression test and direct shear box measurement (Fig. 6 ) was compared until achieving adequate similarity. As a result of the iteration process, the mechanical parameters, namely, the Young's modulus, Poisson's ratio, cohesion and internal friction angle were determined from the virtual triaxial test and used for soil-sweep DEM simulations (Table 1 ). This was done for an initial soil porosity of 0.42 and bulk density of 1850 Kg m -3 .
Results and discussion
The iteration process of soil material properties
The comparison between the measured and predicted draught of the 30° β sweep for various travel speeds assists in adjusting and refining the soil mechanical parameters assigned to the parallel bond between soil elements until adequate agreement (5-10% difference) is reached.
Iteration is a necessary step for optimising the DEM model performance for achieving good 11 agreement with measurement. For a more accurate determination of the soil mechanical properties, the results of the virtual triaxial DEM simulation and direct shear box measurement were compared. The iteration process results in adequate similarity of peak shear stress vs.
normal stress between the DEM simulation of the triaxial compression test and the direct shear box measurement (Fig. 6) . (Table 1) .
Soil disturbance and sweep draught
Apart from draught, the outputs of the DEM model of soil-sweep interaction are soil deformation, crack propagation, stress distribution, velocity vectors and soil loosening in front of the sweep (Figs. 8 -10 ). This includes the shape as well as the volume of the soil disturbance. The shape of soil rupture depends largely on the tool geometry, operational speed, and the soil physical conditions. The soil rupture in front of the sweep tool obtained with the DEM model (Fig. 10) shows clear rupture lines extending from the tool tip to the soil surface, which is in line with other studies (Spoor, 2006; Spoor et al., 1982) . The soil deformation is of similar shape to a wedge-shape soil failure, reported for narrow tillage tools with low aspect ratio (depth/width) by other researchers (Godwin and Spoor, 1977) . Authors observed a compacted soil wedge in the front of the tine at all tine widths and rake angles tested, which is 272 similar to that shown in Fig. 8 . With tines of small aspect ratio (depth/width), the soil ahead of the wedge moves forwards and upwards over the entire working depth, with the distinct shear plane being developed from the tine base (crescent failure). These findings are in agreement with our DEM simulation for the soil deformation and disturbance (Figs 9 & 10) .
Examining the mechanism of soil cutting reveals that fractures occur successively, in a cyclic fashion Karmakar et al., 2005) . Accordingly, the values of soil resistance and tillage draught also vary cyclically. This trend is shown clearly for the variation of sweep draught with the travel distance obtained from both the DEM calculation and the soil bin measurement (Fig. 11) . The sweep tine encounters the highest resistance just before soil failure occurrence, which is indicated by the initiation of soil rupture. Resistance becomes minimal when rupture surfaces are completely developed, and the soil particles slip along these surfaces. Then the tool encounters a new, none-deformed block of soil and the cycle repeats (Sitkei, 1967) . This cyclic behaviour is successfully simulated with the current DEM model.
Stresses in the parallel bonds rise to a maximum for a maximum soil strength, after which they break and disappear from the model, shifting to simple friction interactions between the elements (Fig. 10) . When the parallel bonds breaks draught reduces to a minimum, after which a new cycle starts. The DEM simulation also revealed that with the increase in tillage speed within the range 0.5 to 2.4 m/s, the number of parallel bonds left intact between the soil elements decreases, hence, the quality of loosening improved. Therefore, the DEM modelling scheme permits accurate analysis of crack propagation in the soil during tillage, which is an advantage over the FEM.
Results also show very good match between measured and calculated sweep draught (Fig. 12 ).
This is true for all speed intervals investigated between 0.4 to 2.4 m s -1 . However, a clear underestimation of draught with DEM (between 4-12 %), as compared to soil bin measurement 13 can be observed. This slight underestimation of the draught can be attributed to the inaccurate estimation of the micro-or macro-properties of soil by the iteration process described above.
However, model accuracy for draught prediction might be improved with actual triaxial test, which is expected to improve the accuracy of the estimation of bond stiffness Kn and Ks and bond parallel spring stiffness pb_nstren and pb_sstren. (Fig. 13a) . Similarly, draught increases with the speed and the rake angle (Fig. 13b) , which is in line with findings of other studies (e.g. . Although the largest soil loosening can be achieved with the largest travel speed and rake angle, the largest draught and energy requirement are to be expected. This is because there are evidences in the literature that the amount of energy consumed for tillage is proportional to the draught of tillage tools (Arvidsson and Keller, 2011) .
Not surprisingly that increased energy requirements for tillage results in increased soil disturbance. The amount of energy transferred into the soil by sweep tools increases with speed.
This will lead to increased stress in the soil and thus the amount of soil disturbance and crushing. But, draught is a function not only of operational speed, but soil properties, tool 14 geometry and tillage depth (Abo Al-Kheer et al., 2011). In light soils draught increases with depth, bulk density and speed, whereas it decreases with moisture content (Mouazen and Ramon, 2002) . Durairaj and Balasubramanian (1997) reported that though the main effect of the rake angle was predominant, complex interactions existed between the operational parameters during tillage. Therefore, the best scenario would be to target an acceptable soil loosening for an acceptable amount of draught and energy requirement. This optimisation would be possible with the DEM simulation presented in the current work. Therefore, the DEM model can be considered as a good tool to estimate the soil loosening, draught and energy requirement of sweep tines.
Conclusions
This study demonstrated that a 3D discrete element method (DEM) model can simulate soilsweep tine interactions successfully. Complex tool geometry could be simulated by means of 3D CAD software. Through the iteration of the DEM simulation of a triaxial compression test using measured cohesion and internal friction angle from a direct shear box test as input data, soil mechanical parameters were calculated for the best match between simulated and measured draught. For a 30° rake angle sweep, the DEM predicted draught was in good agreement with soil bin measurement with an error range of 4 to 12%, for a speed range of 0.5 to 2.4 m s -1 .
Simulations revealed that the cultivation speed and the sweep rake angle for a given tillage depth affect draught strongly. The results obtained in this work confirmed that the DEM is an effective tool for the calculation of tool draught and soil loosening, estimated as porosity and for the simulation of non-homogeneous unsaturated soils. It is fast and cost effective method that allows accurate and reliably qualitative and quantitative analyses of the soil-sweep interaction.
